INTRODUCTION
The induction of pluripotency in terminally differentiated cell types (Takahashi and Yamanaka, 2006) and the existence of pluripotent cells in physiological adult tissues (Roy et al., 2013) highlight the remarkable lineage plasticity of somatic cells. Although this plasticity offers immense opportunities for regenerative medicine, it raises questions as to how to properly restrict plasticity during the dynamic processes of tissue development and regeneration. Cells of epithelial lineages can undergo phenotypic changes to gain mesenchymal features through an epithelial-to-mesenchymal transition (EMT) program (Kalluri and Weinberg, 2009) . Complete EMT occurs during mesoderm or neural crest formation to generate fully committed mesenchymal cell types (Thiery et al., 2009 ), whereas partial and reversible EMT occurs during morphogenesis of certain epithelial tissues such as mammary gland (MG) (Nakaya and Sheng, 2013) . Although much has been learned about the molecular mechanisms that promote EMT during early development and in cancer cells, genetic pathways that regulate partial EMT during tissue morphogenesis to maintain epithelial lineages are poorly characterized.
MG undergoes dramatic tissue growth and remodeling during puberty and pregnancy, generating not only luminal epithelial cells but also a unique mesenchymal-like epithelial population, namely, basal/myoepithelial cells (Watson and Khaled, 2008) . Thus, MG serves as an ideal system to study the genetic circuits that control epithelial lineage plasticity. At puberty, mammary epithelial stem/progenitor cells that reside in the terminal end buds (TEBs) undergo collective migration to drive ductal morphogenesis (Ewald et al., 2008) . This process involves the acquisition of motility while preserving overall epithelial integrity. Moreover, a partial loss and reestablishment of epithelial adhesion and polarity occur at the TEBs (Ewald et al., 2008 Kouros-Mehr and Werb, 2006; Nanba et al., 2001) . These findings imply that both epithelial plasticity-promoting and -restricting mechanisms might be important for the morphogenic potential of TEB stem/progenitor cells (Godde et al., 2010) . Pregnancy induces dramatic expansion and regression of epithelial components as well as dynamic remodeling of the stromal environment (Watson and Khaled, 2008) , creating yet another developmental window where epithelial lineage plasticity may have to be intricately regulated. The basal/myoepithelial population of adult MG contains the so-called multipotent mammary stem cells (MaSCs) that, upon transplantation, are capable of regenerating an entire epithelial network composed of both luminal and basal/myoepithelial lineages Stingl et al., 2006) . Adult stem cells with bipotential or unipotential have also been found in the mammary basal compartment via lineage tracing under physiological conditions (Rios et al., 2014; Van Keymeulen et al., 2011) . Recent, largely in vitro, studies have implicated several EMT-inducing transcription factors (EMT-TFs), such as Snail, Slug, and Zeb1, as important factors that promote stemness in normal and malignant mammary epithelial cells (MECs) (Chaffer et al., 2013; Guo et al., 2012; Mani et al., 2008; Nassour et al., 2012) . However, the in vivo mechanisms that restrict epithelial lineage plasticity to safeguard differentiation and how such mechanisms regulate stem cell function during MG morphogenesis and regeneration remain poorly understood.
Here we provide in vivo evidence for a previously unrecognized mechanism that protects epithelial identity during mammary tissue morphogenesis and regeneration, which involves Ovo-like 2 (Ovol2), a member of the Ovo family of zinc finger TFs that are known to regulate epithelial development in Drosophila epidermis as well as mammalian skin and testis (Dai et al., 1998; Li et al., 2005; Nair et al., 2006) . Using conditional knockout and lineage-tracing approaches, we demonstrate that Ovol2-deficient mammary stem/progenitor cells are prone to undergo EMT and exhibit reduced morphogenic and regenerative capacity. Our genome-wide analyses identify myriad essential players in the EMT program as direct targets of Ovol2 transcriptional repression. Furthermore, we show that reducing either Zeb1 expression or transforming growth factor b (TGF-b) signaling, both well-known for EMT-promoting activity (Xu et al., 2009) , partially rescues Ovol2 loss-induced mammary defects. Thus, protection of epithelial identity is essential for epithelial tissue morphogenesis and regeneration.
RESULTS

Conditional Deletion of Ovol2 Results in Impaired Postnatal MG Development
Well-known EMT-promoting transcription factors Snail and Slug both contain a Snail1/GFI (SNAG) domain essential for repression of target gene expression (Chiang and Ayyanathan, 2013) . Interestingly, mammalian Ovol proteins also contain a SNAG domain, and their expression was decreased upon culture-induced EMT of primary MECs (Ehmann et al., 1984) (Figure S1A available online) . Ovol2/OVOL2 transcripts were detected in immortalized and primary MECs, but not in fibroblasts or stromal cells (Figures S1B and S1C). In vivo, nuclear Ovol2 was present in the developing MG, predominantly in ductal epithelial cells and TEB body cells, but also in a subset of the ductal basal and TEB cap cells ( Figure 1A ). Together, these findings reveal a tight correlation between Ovol2 expression and an epithelial status.
To study Ovol2's role in epithelial morphogenesis, we generated skin/mammary-specific knockout (SSKO) mice of Ovol2 using K14-Cre. K14-Cre directs highly efficient recombination in mammary epithelial lineages but not the surrounding stroma (Figures S1D and S1E; Movies S1 and S2). Although mammary rudiments in 3-week-old SSKO mice did not show any detectable differences from Ovol2-intact controls, pubertal MG development was nearly abolished in SSKO mice ( Figure 1B ). Impaired ductal elongation persisted throughout life ( Figure S1F ). At later stages of pubertal development (>7-8 weeks), dramatic fibrotic reactions surrounding the remaining ductal system and TEBs were frequently observed in SSKO MGs ( Figures 1C and  1D ). This said, the SSKO MG fat pad environment was able to support normal mammary morphogenesis when transplanted with b-galactosidase (b-gal)-labeled Ovol2-intact mammary fragments, whereas the endogenous, Ovol2-defient mammary trees remained rudimentary ( Figure 1E ). Upon pregnancy, SSKO MGs showed severely reduced but still detectable alveologenesis and milk production (Figures S1G and S1H). Collectively, these data demonstrate an epithelial-intrinsic requirement for Ovol2 in postnatal mammary development and an indirect impact of its loss on the surrounding stroma.
Despite minimal pubertal morphogenesis, luminal and basal specification of MECs was able to occur in the remnant ducts of SSKO MGs ( Figure S1I ). However, fluorescence-activated cell sorting (FACS) analysis revealed an imbalance between MEC subpopulations, with an initial reduction of the Lin
lo CD61 hi luminal progenitor population evident at 4 weeks, followed by an additional reduction in the Lin  -CD24   +   CD29 hi MaSC-enriched basal population by 8 weeks ( Figure 1F ). Consistent with normal estrogen receptor (ER) expression in Ovol2-deficient luminal cells ( Figure S1I ), the mRNA level of Areg (amphiregulin), an estrogen-responsive factor essential for ER-mediated ductal elongation (Ciarloni et al., 2007) , and the phosphorylation status of its downstream mediator ERK, was not altered (Figures S1J and S1K). MMTV-Wnt1 transgenic mice develop a mammary hyperbranching phenotype (Tsukamoto et al., 1988) . In MMTV-Wnt1 females, Ovol2 deletion led to severely delayed ductal elongation and accumulation of surrounding stromal components, but precocious side branching still occurred ( Figures S1L-S1N) . Interestingly, the primary and secondary ducts grew along the longitudinal axis of the fat pad in control MMTV-Wnt1 MGs, but they were random and nondirectional in MMVT-Wnt1;SSKO MGs ( Figure 1G ). In contrast, the hyperplastic MG phenotype, characterized by extensive side branching in MMTV-Wnt1 males, was unaffected by Ovol2 loss ( Figure S1O ). Together, these results reveal a specific requirement for Ovol2 in female hormone-driven, coordinated, and directional ductal epithelial morphogenesis. These findings also support the notion that TEB-mediated ductal elongation/branching and Wnt-induced side branching are likely fueled by different progenitor cell populations (Watanabe et al., 2014) and are regulated by Ovol2-dependent and -independent mechanisms, respectively.
Ovol2-Deficient TEBs Exhibit EMT-like Behavior
Given the central role of TEB in driving directional ductal morphogenesis, we performed genome-wide gene expression analysis on TEBs isolated from SSKO and control littermates ( Figure 2A ). To identify primary changes, we analyzed TEBs from 24-to 25-day-old mice, when morphological differences between control and SSKO were still minimal ( Figure 1B) . Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) revealed increased expression of gene sets associated with EMT, metallopeptidase activity, extracellular matrix (ECM) remodeling, ECM-related TGF-b targets, or focal adhesion (Figure 2A ; Table S1 ). In contrast, a gene set enriched in mitotic cell cycle was significantly reduced in SSKO TEBs (Figure 2A ; Table S1 ).
When isolated TEBs were cultured in 3D-Matrigel in the presence of epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF-2) (Ewald et al., 2008; Fata et al., 2007) , control TEBs underwent collective migration, where finger-like structures invaded into the surrounding Matrigel without leading cellular extensions (Ewald et al., 2008) (Figure 2B ; Figure S2A ). SSKO TEBs displayed a strikingly distinct outgrowth pattern, where individual cells disseminated into the gel ( Figure 2B Figure 2C ). Notably, fewer luminal cells were observed in the SSKO TEB outgrowths. K14-Cre-directed b-gal expression in TEB outgrowths derived from SSKO mice that also carried an R26R allele (R26R;SSKO) confirmed an epithelial origin of the invasive cells ( Figure S2B ). The invasive behavior of SSKO TEB cells was accompanied by a significant increase in the expression of EMT-related genes encoding structural factors such as , rudimentary tree generated by the SSKO host. (F) FACS analysis of mammary populations from 4-and 8-week-old females of the indicated genotypes. Data indicate mean ± SD for the percentages of the indicated populations (n = 3-6). *p < 0.05, **p < 0.01. (G) Primary/secondary ducts were outlined using Photoshop (Adobe) for whole-mount images from >20-week-old control and Ovol2-deficient MMTV-Wnt1 MGs. Scale bars represent 50 mm (A and D); 100 mm (C). See also Figure S1 . (A) GSEA of microarray data on freshly isolated TEBs (inset) from control and SSKO mice (two biological replicates from a total of four to six mice per genotype). Gene lists used in GSEA were provided in Table S1 . ES, enrichment score; NES, nominal enrichment score. Figure S2C ). Upon transplantation into epitheliacleared mammary fat pads of congenic host mice, SSKO TEBs generated abnormal structures with fibrosis-like stromal changes ( Figure S2D ). Finally, we analyzed TEBs in situ. At 5 weeks, although most TEBs in control MGs were activated and proliferative, nearly half of the TEBs in SSKO MGs were quiescent (Figures S2E and S2F) , which may have contributed to the reduction in luminal progenitor cells described above. K6 + progenitor cells were also reduced in SSKO TEBs ( Figure S2G ). Because SSKO TEBs and MECs grew in vitro at a similar rate as controls (Figures S2H and S2I) , the reduced proliferation is unlikely a primary effect of Ovol2 deletion. Apoptotic cells were readily detectable in control but not SSKO TEBs (Figures S2J and S2K), suggesting reduced remodeling and lumen formation (Mailleux et al., 2008) in SSKO TEB. Importantly, abundant Vim + cells were observed in SSKO TEBs, whereas their presence in control TEBs was infrequent ( Figures 2F and 2G ). The number of Vim + cells in the stroma surrounding SSKO TEBs also appeared to be increased. Collectively, our data demonstrate that epithelial loss of Ovol2 induces EMT-like molecular changes in the TEB microenvironment and impacts the cellular dynamics within the TEB.
MaSC/Basal Cells Transdifferentiate In Vitro and Undergo EMT In Vivo
Basal breast cancer cells are plastic and can readily switch to a cancer stem cell state (Chaffer et al., 2013) . We reasoned that if normal MaSC/basal cells are also inherently plastic, then ablation of Ovol2 may result in unchecked plasticity and loss of epithelial identity altogether. Indeed, although FACS-purified MaSC/basal cells from control mice formed solid colonies in Matrigel as described previously (Gu et al., 2013) , some of the SSKO MaSC/basal cell-derived colonies became fibroblastlike and started muscle-like contraction ( Figure 3A ; Movies S3 and S4). This was accompanied by upregulated expression of known cardiac and skeletal muscle genes, namely, Tnnt1, Tnnt2, Tnnt3, and Myl2 ( Figure 3B ), suggesting that in the absence of Ovol2, abnormal differentiation toward striated muscle lineages was activated in cultured MaSC/basal cells. Next we tracked the fate of Ovol2-deficient MaSC/basal cells upon transplantation into cleared fat pads. Unlike the control MaSC/basal cells that efficiently produced well-branched mammary trees by 8 weeks after transplantation, MaSC/basal cells from R26R;SSKO mice were able to inoculate the fat pads but unable to form normal trees ( Figure 3C ). Two types of abnormal structures were observed in R26R;SSKO transplants: stuntedtype structures consisted of short, rudimentary ducts that were histologically similar to the wild-type (WT) glands and EMTtype structures that were thin and contained epithelially derived (b-gal + ) fibroblast-like cells disseminating into the fat pads ( Figure 3C ). Both types were observed at a high frequency (seen in $60% of the transplants) and sometimes coexisted in the same transplant ( Figure 3C ). EMT-type structures were also observed upon transplantation of R26R;SSKO mammary tissue fragments ( Figure S3A ). Limiting dilution transplantation revealed that the frequency of cells that generate such abnormal structures was approximately 1 in 2,000 in SSKO MaSC/basal cells, whereas the frequency of mammary repopulating cells in control counterparts was approximately 1 in 300 ( Figure 3D ). Together, these data provide strong evidence that Ovol2-deficient MaSC/basal cells or their progeny undergo EMT in vivo, and lose the ability to regenerate a normal mammary epithelial network.
To compare the ability of Ovol2-deficient and control MaSC/ basal cells in contributing to mammary outgrowths within the same fat pad, and to distinguish between cell-autonomous and non-cell-autonomous effects, we next performed transplantation assays using a mixture of MaSC/basal cells from unlabeled WT and R26R;SSKO mice. Stunted-and EMT-type structures were frequently observed in b-gal + (thus Ovol2-deficient) outgrowths (11 and 10 of 17, respectively), but never in unlabeled WT outgrowths within the same fat pad (Figures S3B and S3C) . As a control, in transplants derived from a mixture of unlabeled WT and R26R;Ovol2 flox/+ ;K14-Cre MaSC/basal cells, both b-gal À and b-gal + cells produced morphologically normal outgrowths. At 2,000 cells/injection, b-gal À and b-gal + trees were mostly well partitioned ( Figure S3B ), demonstrating clonal expansion (Welm et al., 2008) . Only a single mosaic tree was observed, where the b-gal + , Ovol2-deficient MaSC/basal cells were able to contribute to normal mammary tree production when WT cells were immediately adjacent. Transplantation of TEB organoids after adenoviral Cre (Ad-Cre) infection allowed more efficient generation of mosaic trees (Figures S3D and S3E) . R26R;Ovol2 flox/+ and R26R;Ovol2 flox/À organoids showed similar outgrowth take rates ($50%). However, although all outgrowths from R26R;Ovol2 flox/+ organoids contained mosaic trees, only 2 of 11 successful R26R;Ovol2 flox/À transplants showed a mosaic pattern ( Figure S3F ). Taken together, these results demonstrate that Ovol2-deficient MaSC/basal cells produce primarily abnormal (stunted-or EMT-type) outgrowths and that even in the presence of Ovol2-intact MECs, Ovol2-deficient MECs rarely contribute to normal mammary tree formation.
To track the fate of Ovol2-deficient MECs in situ, we analyzed MGs from multiparious R26R;SSKO mice. Remarkably, whereas b-gal + cells existed only in the epithelial compartment of R26R; Ovol2 flox/+ ;K14-Cre control MGs, they were detected, albeit at low frequency, in the stroma of R26R;SSKO MGs, clustering within spindle-like structures that protruded from the otherwise normal-looking ducts ( Figure 3E ) and displaying an fibroblastlike morphology and Vim expression ( Figure 3F ). More than half of the multiparious R26R;SSKO MGs (14 of 24) contained abnormal structures with fibroblast-like cells, which were never See also Figure S2 and Table S1 . Figures S4A and S4B ). De novo motif-finding analysis identified a binding consensus CCGTTA ( Figure 4C ) that is identical to the in vitro Ovol1/2 binding sequence (Nair et al., 2007; Wells et al., 2009 ). The presence of this motif in a majority of the 5% FDR peaks (1,277 of 1,328) suggests that Ovol2 binds to the chromatin primarily through this sequence. GSEA of Ovol2-bound genes (within 2 kb from TSS; 770 genes) in the TEB microarray data set, wherein the genes were rank ordered for their differential expression between control and SSKO, revealed their significantly enriched expression (p < 1 3 10 À6 ) in SSKO TEBs ( Figure 4D ), implying a repressor function of Ovol2 in vivo.
Genes that are both bound by Ovol2 (within 2 kb from TSSs) and upregulated in SSKO TEBs (signal-to-noise ratio > 0.75, top 841 genes in the microarray data) included those related to EMT, such as Tgfb3, Vim, Zeb1, Zeb2, and Twist1 (Table S2) . Genes related to cardiac differentiation or muscle function were also part of the direct target list. Moreover and consistent with previous studies (Li et al., 2005; Piloto and Schilling, 2010; Zhang et al., 2013) , genes involved in neuronal differentiation, glycoprotein synthesis/intracellular trafficking, and transcriptional regulation were identified as direct Ovol2 targets. In addition to Vim, Zeb1, Zeb2, and Twist1, Ovol2 also bound to other EMT-TF genes such as Snai1 and Snai2, as well as mesenchymal/neural-specific cadherin gene Cdh2 ( Figure S4B ). Vim and Zeb1 peaks were among the most prominent in the entire genome and notably, the Ovol2-binding peak in the first intron of Zeb1 includes a known Myb/Ovol-binding consensus that was identified as a responsible site in the mouse Twirler mutation (Kurima et al., 2011 Figure S5A ). These iMMECs expressed the Ovol2A repressor isoform but not the Ovol2B activator isoform or Ovol2C dominant-negative isoform (Li et al., 2002) , and the expression of Ovol2A protein/mRNA was nearly abolished after Ad-Cre infection ( Figure 4E ; Figure S5B ). Ovol2 binding to the EMT-related target genes was confirmed in both iMMEC(N) and iMMEC(T) cells and, as expected, ChIP signals were abrogated when Ovol2 was deleted ( Figure 4F ; data not shown).
RT-quantitative PCR (qPCR) analysis revealed an overall trend of upregulation of the EMT-related Ovol2 target genes in Cretreated iMMECs ( Figure 5A ). Among them, Vim, Zeb1, and Snai2 were significantly upregulated upon Ovol2 loss in both iMMEC(N) and iMMEC(T). Interestingly, the expression of Cdh1 (E-cadherin [Ecad]) was not affected. At a protein level, we detected dramatic upregulation of Vim, Zeb1, and Ncad upon Ovol2 loss, whereas Ecad level remained the same ( Figures 5B  and 5C ). Some Ovol2-deficient iMMECs simultaneously expressed Vim and Ecad proteins ( Figure 5B ), consistent with an intermediate cellular state. Despite the changes in gene expression, Ovol2 deletion did not exert any detectable effect on the morphology, doubling time, migration, or EGF response of iMMECs ( Figures S5A and S5C-S5E) , implicating a need for additional signals to induce functional EMT in this in vitro system. Regardless, our molecular findings are consistent with Ovol2 transcriptional repression of genes that execute the EMT program.
To test the hypothesis that the SNAG-containing Ovol2A repressor isoform is primarily responsible for repressing EMT genes, we introduced Ovol2A, Ovol2B, or Ovol2C ( Figure 5D ) into Ovol2-deficient iMMECs. All isoforms were expressed at a comparable level and located predominantly in the nuclei ( Figures  5E and 5F ). Ovol2A significantly rescued the Ovol2 loss-induced expression of EMT genes, whereas Ovol2B or Ovol2C caused further upregulation of Vim and Zeb1 ( Figure 5G ; Figure S5F ). Furthermore, an Ovol2A derivative, Ovol2A/G 2 H 2 , where the C 2 H 2 zinc finger DNA-binding domain is mutated, behaved like Ovol2B or Ovol2C ( Figure 5G ). These data indicate that Ovol2A represses EMT genes in MECs, repression requires its DNA binding activity, and other Ovol2 isoforms could potentially mediate derepression. To validate Ovol2 isoform functions in vivo, FACS-purified MaSC/basal cells from 4-week-old SSKO MGs were infected with lentiviral vectors expressing Ovol2A, Ovol2B, Ovol2C, or Ovol2A/G 2 H 2 along with an internal ribosome entry site-GFP cassette that enabled us to trace the infected cells. Upon transplantation, whereas control lentivirus-infected SSKO MaSC/basal cells generated only stunted-or EMT-type structures, three of four transplants from Ovol2A lentivirus-transduced SSKO cells developed well-branched mammary outgrowths ( Figure 5H ). In contrast, Ovol2B-, Ovol2C-, or Ovol2A/G 2 H 2 -transduced SSKO MaSC/basal cells did not generate any GFP + outgrowth ( Figure 5H ). These results demonstrate that Ovol2A is the major isoform that drives proper ductal morphogenesis.
Deregulation of Zeb1 and TGF-b Pathway Activities Contributes to Ovol2 Loss-Induced Defect in Ductal Morphogenesis
To probe the functional relationship between deregulated EMT and impaired ductal morphogenesis, we asked whether depletion of Zeb1, which is the most tightly bound by Ovol2 in ChIP and among the most affected by Ovol2 loss in TEBs and iMMECs, rescues the ductal morphogenesis defect in SSKO MGs. When infected with control small hairpin RNA (shRNA) (shScr)-expressing lentivirus ( Figure S6A ) followed by transplantation into cleared fat pads, SSKO MaSC/basal cells generated EMT-type structures ( Figure 6A ) identical to those described for R26R;SSKO transplants ( Figure 3C ). Remarkably, about half of the transplants derived from shZeb1-treated MaSC/basal cells generated well-branched outgrowths with a less mesenchymal appearance ( Figures 6A and 6B) . Thus, elevated Zeb1 expression (and by inference, EMT) is at least in Table S2. part responsible for the ductal morphogenesis defect caused by loss of Ovol2. The incomplete rescue of SSKO MG phenotype by Zeb1 knockdown raises the possibility that additional molecular pathway(s) mediates the Ovol2 loss-of-function effect. The negative effect of TGF-b on ductal elongation and branching has been extensively studied (Moses and Barcellos-Hoff, 2011) . In keeping with Tgfb3 being a potential Ovol2 target, we detected the upregulation of a subset of TGF-b-inducible genes (Figure 2A ; Figure S6B ) and remarkable activation of Smad2 ( Figure 6C ) in freshly isolated SSKO TEBs. We therefore asked whether inhibition of TGF-b signaling rescues the SSKO ductal morphogenesis defect. Treating 4-5-week-old mice with SB-431542, an inhibitor of TGF-b type I receptor kinase (Alk4/Alk5/Alk7) ( Figure S6C ), for 1 week resulted in a mild, but statistically significant rescue of ductal elongation and TEB maintenance in SSKO mice, whereas no significant effect was observed in controls ( Figure 6D ). Thus, elevated TGF-b signaling is in part mediating the SSKO MG phenotype.
To determine whether TGF-b signaling modifies the Ovol2 loss-of-function phenotype by regulating EMT, we returned to TEB organoid culture. Because endogenous TGF-b signaling activity was not detectable under ex vivo culture condition (Figure 6C) , administration of SB-431542 did not affect the dissemination of individual cells from cultured SSKO TEBs (Figure 6E ), or their outgrowth and proliferation ( Figures 6F-6H ). Interestingly, however, addition of recombinant TGF-b exaggerated the fibroblast-like morphological conversion of SSKO TEB cells while suppressing the growth and branching of control TEBs ( Figures 6E and 6F ). These data demonstrate that although Ovol2 loss-induced single cell dissemination does not require endogenous TGF-b signaling, loss of Ovol2 alters TEB response to exogenous TGF-b from growth arrest to EMT.
Ovol2A, but Not Ovol2B or Ovol2C, Reprograms Highly Metastatic Breast Cancer Cells into an Epithelial State EMT has been shown to trigger tumor cell motility and dissemination, thus promoting tumor invasion and metastasis (Valastyan and Weinberg, 2011 ). Ovol2's role in suppressing EMT of normal MECs led us to examine a possible involvement of OVOL2 in breast cancer. Using a publically available data set (Hoeflich et al., 2009 ), we found OVOL2 and OVOL1 to be highly expressed in breast cancer cells with low metastatic activity, in a manner that is similar to CDH1 ( Figure 7A ). In contrast, the Ovol2-repressed EMT genes, including ZEB1, ZEB2, SNAI1, SNAI2, TWIST1, VIM, and CDH2, were highly expressed in metastatic breast cancer cell lines ( Figure 7A ). This correlation was confirmed at a protein level for select cell lines ( Figure 7B ). Moreover, OVOL2 expression moderately correlated with epithelial gene expression at a genome scale ( Figure S7A ), and OVOL2 was downregulated in the most aggressive, claudin-low-type and highly expressed in the luminal-type cancers (Di et al., 2013) (Figure S7B ). Introduction of Ovol2A but not Ovol2B or Ovol2C to metastatic MDA-MB-231 cells induced Ecad and suppressed Vim and Zeb1 expression ( Figures 7C and 7D) as well as inhibited their invasive activity ( Figure 7E ). We note that Ovol2A also exerted an antigrowth effect, because Ovol2A but Ovol2B or Ovol2C expression induced growth arrest slightly in MDA-MB-231 cells but more strongly in metastatic BT-549 cells (Figures 7F and 7G) . In clinical samples, expression of OVOL2 positively correlated with the overall and metastasis-free survival of postoperative breast cancer patients ( Figure 7H ). Collectively, these results implicate a suppressive role of Ovol2 in breast cancer invasion and metastasis, and they highlight the capability of the repressor isoform of Ovol2 in reprogramming metastatic breast cancer cells back to an epithelial state.
DISCUSSION
Our study identifies Ovol2 as a transcriptional gatekeeper of mammary epithelial differentiation. Ovol2 protects the epithelial identity of developing mammary progenitor cells by suppressing their tendency to undergo EMT during active morphogenesis. We demonstrate that epithelial progenitor cells can be reprogrammed in vivo into fibroblast-like cells by the loss of a single regulatory factor.
During pubertal ductal morphogenesis, TEB cells exhibit a unique collective-migration behavior that is suggested to represent a ''morphogenetically active epithelial state'' . The correlation between compromised epithelial features and arrested ductal elongation in SSKO mice implicates a functional significance of collective cell migration in ductal morphogenesis. Our work thus underscores Ovol2 as a guardian of epithelial identity of a highly dynamic state. Specifically, we envision that Ovol2 prevents the TEB cells that have gained partial plasticity (Godde et al., 2010) from crossing the line to undergo complete EMT, thereby ensuring proper epithelial differentiation and morphogenesis.
Our data indicate that transcriptional suppression of EMT/ mesenchymal genes by Ovol2, particularly the Ovol2A repressor isoform, is critical to maintain the identity of epithelial lineages. Interestingly, by virtue of its ability to bind the corresponding promoters, Ovol2 has the potential to repress nearly all major wellknown EMT inducers, including Zeb1, Zeb2, Twist1, Snai1, and Snai2. As such, our work portraits Ovol2 as a critical molecular brake on EMT, and adds it to a short list of known EMT inhibitors, including Elf5, GATA3, GRHL2, Klf4, and the miR200 family of microRNAs (Brabletz and Brabletz, 2010; Li et al., 2010; Chakrabarti et al., 2012; Cieply et al., 2012; Chou et al., 2013) . The remarkable role of Ovol2A as a master EMT suppressor is further manifested by its ability to reprogram metastatic breast cancer cells back to an epithelial state, in keeping with a recent report demonstrating that Ovol factors can induce mesenchymal-toepithelial transition (MET) in prostate and breast cancer cells (Roca et al., 2013) .
The extent of Ovol2 repression of each individual EMT inducer may be jointly governed by the affinity of Ovol2 toward the promoter, and the variation in signaling milieus the cells are experiencing. Among all, Zeb1 stands out as the most significant, based on its emergence as a top Ovol2 direct target, and the finding that depleting it alone partially rescues the Ovol2 lossof-function phenotype in vivo. It has been shown that resolution of bivalent chromatin domains at the ZEB1 locus to an active state underlies the ability of basal human breast cancer cells to generate stem-like subpopulations (Chaffer et al., 2013) . Moreover, Zeb1 is the subject of intense cross-regulation with microRNAs for cancer cell stemness and EMT ( of repressing Zeb1 at the transcriptional level to preserve the capacity of MaSC/basal cells to regenerate a morphologically normal mammary epithelial tree. Thus, multilevel regulation of Zeb1 lies at the center of achieving a delicate balance between epithelial plasticity and differentiation. Interestingly, Ovol2 deficiency-induced EMT-like changes are limited to aberrant gene expression in virgin MGs, but they become full-blown upon ex vivo culture, transplantation, or repeated pregnancies. This suggests that, in addition to a cellintrinsic protection mechanism that involves Ovol2, environmental cues that ensure epithelial identity are also present in the virgin MG; complete EMT-like events such as single cell dissemination and conversion to fibroblast-like cell types only occur when the tissue environment is permanently or transiently disrupted. That mammary tissue environment exerts a strong influence on epithelial cells has been well documented, exemplified by the findings that MECs behave differently depending on the ECM microenvironment (Nguyen-Ngoc et al., 2012) . In this context, the robust activation of TGF-b signaling, well-known for its ability to induce EMT (Xu et al., 2009 ) and remodel local environment (Moses and Barcellos-Hoff, 2011) , in SSKO TEBs is particularly interesting. In TEB culture, Ovol2 deletion induces the EMT phenotype independently of TGF-b signaling, likely through direct derepression of Zeb1 and other factors. In vivo, Ovol2 loss induces the abnormal activation of TGF-b signaling that may have led to the growth cessation of TEBs, the ultimate loss of epithelial identity, and even stromal alterations. As such, the remarkable phenotype of SSKO MGs may represent a combined effect of epithelial-intrinsic machinery and epithelial-stromal interactions involving two major players, Zeb1 and TGF-b signaling.
Although loss of Ovol2 alone is sufficient to induce a strong EMT phenotype in MaSC/basal MECs, simultaneous deletion of Ovol1 and Ovol2 is needed to induce aberrant epithelial plasticity in epidermal keratinocytes (see Lee et al., 2014 in this issue of Developmental Cell) . It is tempting to speculate that the difference in EMT competence between MaSC/basal MECs and keratinocytes may root from the fact that the former gives rise to myoepithelial cells, a unique type of epithelial cell that possess partial mesenchymal features such as contractility and expression of mesenchymal genes. Thus, greater epithelial plasticity is likely tolerated and even desirable in mammary epithelia compared to skin epithelia, resulting in a somewhat looser protective mechanism for mammary epithelial identity. Furthermore, the differential response of TEB versus ductal cells to Ovol2 loss may be due to their different sensitivity to Ovol dosage. TEB cells might be more vulnerable than ductal cells because dynamic cell state transitions (EMT/MET) are required at the TEBs to support ductal morphogenesis.
Complete loss of epithelial identity could potentially unleash the ability of committed MaSC/basal cells to adopt different lineage fates and lose epithelial stemness. In this context, the gene expression and ''beating'' behavior of SSKO MaSC/basal cells upon long-term culturing are suggestive of aberrant differentiation toward striated muscle lineages, but future experiments are needed to determine whether this occurs in vivo. The ultimate reduction of the MaSC/basal subpopulation in addition to the luminal progenitor subpopulation in SSKO MGs as well as the compromised regenerating potential of SSKO MaSC/basal cells would be consistent with reduced stemness. Our study now offers tantalizing leads to future studies about definitive Ovol involvement in breast tissue and cancer stem cells, as well as in tumor metastasis.
EXPERIMENTAL PROCEDURES
Mouse Strains
Generation and genotyping of null and floxed Ovol2 alleles were as described previously (Unezaki et al., 2007) . MMTV-Wnt1, mT/mG, and R26R mice were purchased from The Jackson Laboratory [FVB/NJ-Tg (Wnt1) Mammary Cell Preparation, FACS, and 3D-Matrigel Culture Mammary cell preparation and FACS were performed as described previously (Gu et al., 2009 (Gu et al., , 2013 . In brief, MGs were dissected from 4-to 5-week-old virgin females and dissociated by incubating for 16 hr with Gentle Collagenase/Hyaluronidase (STEMCELL Technologies). After vortexing and lysis of the red blood cells in NH 4 Cl, a single-cell suspension was obtained by sequential dissociation of the fragments by gentle pipetting for 2 min in 0.25% trypsin (SigmaAldrich) and then for 2 min in 5 mg/ml dispase II (STEMCELL) plus 0.1 mg/ml DNase I (Sigma-Aldrich), followed by filtration through a 40 mm mesh. For all mammary cell isolations, viable cells were counted on a hemacytometer using trypan blue exclusion. Cell-surface marker staining was performed using the following antibodies and reagents: allophycocyanin (APC)-labeled CD31 (Becton Dickinson), APC-labeled CD45 (BD), APC-labeled TER119 (BD), phycoerythrin (PE)/Cy7-labeled CD24-PE/Cy7 (BD), fluorescein isothiocyanate (FITC) or PE-labeled CD29-FITC (BioLegend), and PE-labeled CD61 (BioLegend). Live-cell sorting was performed on an FACSAria cell sorter (BD) equipped with FACS DiVa6.0 software operating at low pressure (20 psi) using a 100 mm nozzle. Cell clusters and doublets were electronically gated out. Cells were routinely double sorted, and postsort analysis typically indicated purities of >90% with minimal cell death (<10%).
Primary MECs were cultured at a high density in MEC growth medium [Dulbecco's modified Eagle's medium (DMEM)/F12 (1:1) (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 20 ng/ml EGF (Millipore), 5 mg/ml insulin (Sigma-Aldrich), and 1 mg/ml hydrocortisone (Sigma-Aldrich)]. A   CDH2  CDH2  TWIST1  TWIST2  TWIST2  ZEB1  VIM  SNAI2  ZEB1  ZEB1  VIM  ZEB1  ZEB2  ZEB2  ZEB2  SNAI1  OVOL2  OVOL1  OVOL1  CDH1  CDH1  OVOL2   BT549  Hs578T  MDA-MB-435s  MDA-MB-231  MDA-MB-415   HCC1500  BT474  UACC-812   BT483  MDA-MB-175VII  MDA-MB-361   T47D  SKBR3  MCF7  CAMA- 
(legend continued on next page)
Culture-induced EMT was observed after frequent passages (every 2 days) and seeding at a low density (<50%) ( Figure S1A ). For 3D-Matrigel culture of MECs, single cells of sorted MaSC/basal population were gently resuspended in 100% chilled growth factor-reduced Matrigel (BD) and plated onto eight-well chamber slides at 2 3 10 4 cells/50 ml Matrigel/well.
After set, the gel was covered with 400 ml of EpiCult-B medium (STEMCELL) containing 10 ng/ml EGF, 10 ng/ml FGF-2 (PeproTech), and 4 mg/ml heparin; the medium was replaced every 3 days. Cells were cultured for up to 21 days. RNA was isolated after disassociation of the Matrigel with dispase.
Transplantation Assays
For transplantation into uncleared fat pad, MG fragments (1-2 mm) from 8-to 10-week-old R26R;K14-Cre mice were injected into the distal side of #4 glands of 4-week-old control or SSKO syngeneic hosts (C57BL/6 or B6) ( Figure 1D ). The transplants were analyzed by X-gal/carmine double staining 8 weeks afterward. For cleared fat pad transplantation, FACS-sorted MaSC/basal cells (cell numbers are described in the text or legends for each transplantation), isolated TEBs or MG fragments (1-2 mm) were injected or inserted into the cleared fat pad of #4 glands of 3-week-old WT B6 hosts. Lentiviral infection before transplantation was performed as described previously (Gu et al., 2013) . Outgrowths were analyzed 8 weeks after transplantation. GFP fluorescence was visualized with an MZFLIII fluorescent dissecting scope (Leica Microsystems) or E600 fluorescent microscope (Nikon). Statistical analysis of the take rate was as described previously (Gu et al., 2013) .
TEB Isolation and Culture
TEB isolation was performed as described previously (Morris et al., 2004) , with some modifications. MGs (#3-#5) were surgically isolated form adjacent tissues, minced into 1-2 mm pieces, and digested for 1 hr at 37 C in DMEM/ F12 containing 5% FBS, 300 U/ml collagenase (Sigma-Aldrich), and 100 U/ml hyaluronidase (Sigma-Aldrich) with continuous shaking at 200 rpm and thorough mixing every 15 min. After lysis of the red blood cells in NH 4 Cl, pellets were treated with 0.1 mg/ml DNase I (Sigma-Aldrich) for 10 min at 37 C. Pellets were then resuspended in DMEM/F12, and single TEBs were manually picked up under a dissection microscope with a fine micropipette (Figure 2A , inset). Microarray data from isolated TEBs are publically available (Gene Expression Omnibus GSE53923). For 3D-Matrigel culture of TEBs, isolated TEBs were resuspended in growth factor-reduced Matrigel and plated onto eight-well chamber slides or ultralow attachment 96-well plates (Thermo Fisher Scientific) (three to five/well) under identical conditions as used for the MEC-3D culture mentioned above. Wholemount staining was performed as described previously (Ewald et al., 2008) . RNA was isolated at 8 days after disassociation of the Matrigel with dispase.
ChIP-Seq Analysis
ChIP was performed according to the previously described protocol (Gu et al., 2013) , with some modifications. Sequencing was performed at UCI Genomics High Throughput Facility (GHTF) on a Genome Analyzer IIx (Illumina), one lane per sample, 36-bp singleton sequencing. ChIP-seq data are publically available (Gene Expression Omnibus GSE53925).
Additional details for the above-mentioned procedures, as well as procedures for cell culture, morphological and histological analysis of MGs, gene expression analysis, adeno-and lentiviral constructs, western blot analysis, and clinical data analysis are described in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
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